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An improvement of an all-optical modulation scheme that utilizes an intersubband transition is
proposed and investigated in connection with intersubband carrier relaxation dynamics. N-doped
GaAs/AlGaAs quantum wells are pumped by an ultrashort ~;120 fs! intersubband-resonant pulse
and probed by an interband-resonant white-light continuum. Ultrafast modulation speed of ;0.4 ps
is demonstrated, which is faster than that of the previous scheme by as much as a factor of 10. It is
found that a large part of the carriers, which are excited from the first conduction subband to the
second conduction subband, transfer to unknown trapping states at a relaxation time that is
comparable to that of the pump–pulse duration. The existence of the carrier relaxation path via L
valley subbands is strongly suggested as the cause. © 2001 American Institute of Physics.
@DOI: 10.1063/1.1427154#
An intersubband transition1 ~ISBT! in a quantum well
~QW! has attracted much interest due to unique characteris-
tics such as an ultrafast carrier relaxation time. We have pre-
viously proposed an ultrafast all-optical modulation scheme
that utilizes the ISBT @Fig. 1~a!#2 that was aimed for use in
ultrafast optical communication systems. The scheme utilizes
an n-doped QW that contains at least two conduction sub-
bands ~CB1 and CB2! and one heavy-hole subband ~HH1!.
An intense ISB-resonant light pulse ~control light! can de-
crease the electron population in CB1 to modulate the ab-
sorption of HH1–CB1 interband resonant light ~signal light!.
The recovery time of the modulation is determined by the
carrier relaxation time of the ISBT. We have demonstrated
modulation in GaAs/AlGaAs QWs, and have shown an ul-
trafast recovery time of ;1 ps @full width at half maximum
~FWHM!#.3 However, the result also contained a slowly tail-
ing component ~3–5 ps!, which restricts the repetition rate of
the modulation.
Understanding of the carrier relaxation dynamics is key
to improving the modulation characteristics. The ISB relax-
ation mechanism in III–V semiconductor QWs has been
studied experimentally4–13 and theoretically.14–18 Although
the mechanism is not yet completely clear, it is basically
considered to consist of two serial processes:4 ~A! intersub-
band scattering from CB2 to CB1 via electron–longitudinal-
optical ~LO!-phonon scattering and ~B! intrasubband relax-
ation within CB1 via electron–electron (e – e) and electron–
phonon scattering. With regard to process ~A!, the scattering
time is no longer than ;1 ps in GaAs/AlGaAs QWs.3,18 For
process ~B!, there are some experimental reports9,11 that in-
dicate that the intrasubband relaxation time is on the order of
picoseconds. In addition, there are some reports that indicate
the existence of a trap-like relaxation process ~C!7,8 in paral-
lel with the process ~A!. By considering these factors, we
have proposed an improved modulation scheme in which the
signal light is tuned to the HH2–CB2 transition @Fig. 1~b!#.
In the improved scheme, the effects of ~B! and ~C! can be
avoided since the modulation speed is determined solely by
the carrier lifetime in CB2.
In this letter, we investigate previous and improved
modulation schemes simultaneously using white-light
pump–probe method. The carrier relaxation dynamics within
the conduction band are reconstructed from modulation pro-
files using a quantitative method. The relaxation mechanism
is discussed and supported by numerical calculations.
The sample investigated was a multiple QW that con-
sisted of 150 periods of GaAs ~59 Å!/Al0.35Ga0.65As ~150 Å!.
Only the barriers were selectively doped with Si (1.5
31018 cm23), where the Fermi level is calculated to lie
about 70 meV above the bottom of CB1. The energy separa-
tions between CB1 and CB2, HH1 ~top! and CB1 ~bottom!
and HH2 ~top! and CB2 ~bottom!, were determined to be
0.172, 1.50 and 1.72 eV, respectively, by conventional ab-
sorption measurements @inset of Fig. 2~b!#. In modulation
experiments, the sample was pumped by an ISB-resonant
light pulse ~0.17 eV, ;120 fs! and was probed by a white-
light continuum that ranged from 1.45 to 1.90 eV. Optical
parametric amplification and differential frequency mixing
techniques were used to generate the pump pulse, and a wa-
ter cell was utilized to generate the white-light continuum.
The pump and probe pulses were incident onto the sample,
the substrate of which was removed by selective etching, at
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FIG. 1. Schematic diagrams of all-optical modulation using an intersubband
transition in n-doped quantum wells: ~a! previously proposed scheme, which
utilizes the carrier dynamics in the first conduction subband, and ~b! im-
proved scheme, which utilizes the carrier dynamics in the second conduction
subband.
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nearly the Brewster angle with p polarization. All the mea-
surements were carried out at room temperature.
Figure 2~a! shows one example of the modulation profile
(T/T0), where the effective pump–pulse energy density was
about 100 fJ/mm2. The increase of T/T0 in a photon energy
range of 1.5–1.7 eV reflects the modulation in the HH1–
CB1 transition ~the previous scheme!. The cross section at
1.55 eV shows double exponential relaxation @Fig. 2~b!#, and
the fast and slow components of the relaxation times are
about 2.5 and 6 ps, respectively. The increase of T/T0 in a
photon energy range of 1.7–1.9 eV reflects the modulation in
the HH2–CB2 transition ~the improved scheme!. The cross
section at 1.75 eV shows single exponential relaxation @Fig.
2~b!#, and the relaxation time is about ;0.4 ps. The overall
response time of the improved scheme was faster than that of
the previous scheme by a factor of almost 10. This is partly
due to the avoidance of the intrasubband relaxation process,
as we expected. However, the observed relaxation time
~;0.4 ps! is much shorter than that expected from LO-
phonon scattering theory ~;1 ps!.14–18
In order to analyze the relaxation mechanism, we recon-
structed the electron distributions within the conduction sub-
bands from the modulation profile. This was carried out by a
semi-empirical method that utilizes theoretical fitting of the
linear interband absorption spectrum. Next, we integrated the
electron distribution along the energy axis, and obtained a
time profile of the total electron populations in CB1 and CB2
~denoted as NCB1 and NCB2 , respectively!. The profile re-
flects the intersubband electron relaxation only, and does not
reflect the intrasubband carrier relaxation. Figure 3~a! shows
the carrier relaxation profile obtained from the data shown in
Fig. 2. We can see that the increase of NCB2 is distinctly
smaller than the decrease of NCB1 . About 1.331016 m22
electrons ~almost half of the doped electrons! are removed
from CB1 at the peak, but only about 25% of them are ob-
served in CB2. It is thought that a large part of the electrons
excited to CB2 instantly transfer ~in a time comparable to the
pump–pulse duration! to unknown trapping level~s! where
the electron population does not influence the transmittance
of the probe light. The trapped electrons are considered to
relax to CB1 with a slow relaxation time on the order of
picoseconds. A relaxation process other than direct CB2–
CB1 scattering should be considered to explain the results.
At first, we considered a hypothesis that the electrons
excited to CB2 are again excited to continuum levels that
exist over the top of the barrier layer by the same pump pulse
@inset of Fig. 3~b!#. The absorption cross section of the CB2
FIG. 2. ~Color! Example of an intersubband pump and interband white-light
probe experiment: ~a! three-dimensional view and ~b! a cross section at 1.55
eV ~lower line! and a cross section at 1.75 eV ~upper line!. Inset: Energy
separations between subbands measured by ordinary absorption measure-
ments.
FIG. 3. Time profile of the total electron population within each subband
~NCB1 and NCB2! and their sum (N total) . ~a! Experimental data converted
from the measurement result, ~b! rate equation analysis assuming optical
pumping from CB2 to continuum levels, ~c! rate equation analysis assuming
scattering from CB2 to the trapping state with a phenomenological relax-
ation time of 0.1 ps, and ~d! Monte Carlo analysis that considers the four
lowest subbands in the L valley minimum.
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continuum level transition is calculated to be almost 40%
that of the CB1–CB2 transition. We have carried out a rate
equation calculation of the carrier relaxation process by as-
suming that the electrons that are excited to continuum levels
relax directly to CB1 with a phenomenological relaxation
time of 2 ps. The result obtained did not agree with that of
the experiment as can be seen in Fig. 3~b!. Only small parts
of the electrons excited to CB2 are again excited to the con-
tinuum levels, which indicates that the mechanism plays a
minor role in the relaxation process.
Next, we investigated the hypothesis that excited elec-
trons transfer to a trapping level~s! that is located energeti-
cally near CB2 by means of some scattering mechanisms.
The rate equation analysis @Fig. 3~c!# showed good agree-
ment with the experiment @Fig. 3~a!# when we assumed a
phenomenological scattering time of ;0.1 ps for electron
transfer from CB2 to the trapping level~s!. In order to clarify
details of the mechanism, we investigated the following two
models for the trapping states.
~1! Barrier subbands:8 Since barrier-doped QWs are utilized
in the experiment, subbands are also formed near the
bottom of the potential bend in the barrier. The lowest
barrier subband is formed in the G valley and is calcu-
lated to lie about 35 meV above CB2.
~2! L ~Ref. 7! and X valley subbands: Subbands formed in
the L(X) valley, which are spatially confined in the
GaAs ~AlGaAs! layer, can exist energetically near CB2.
They are calculated to lie about 50 meV above CB2.
We verified model ~1! by carrying out the same experiment
on the newly fabricated QWs, where only the well layers
were doped to prohibit the formation of barrier subbands.
However, the electron relaxation profiles obtained were al-
most same as those obtained in the barrier-doped QWs.
Model ~1! was shown to play a minor role in the relaxation
process. For verification of model ~2!, the scattering times
were calculated using the intervalley deformation potential
model19 and the parameters reported in Ref. 20. The calcu-
lated scattering time from CB2 to the first L valley subband
~denoted a L1! was about 0.3 ps ~0.1 ps! for the phonon
absorption ~emission! process. ~Even if L1 lies 50 meV above
CB2, both processes are possible since the average momen-
tum energy of electrons is enough large. The Fermi level lies
70 meV above the CB1 bottom before excitation.! Back-
scattering from the L to G subbands is slower than the for-
ward scattering by a factor of more than 10 due to the dif-
ference in density of the final states. For X valleys, the
scattering time from CB2 to the first X valley subband is
calculated to be on the order of picoseconds, and is due to
spatial separation of the wave functions. The results for G – L
scattering are consistent with the experiments but those for
G – X scattering are not.
In order to demonstrate the G – L scattering model, we
have carried out an ensemble Monte Carlo simulation of the
carrier relaxation process.21–23 Here, we took into account
the intersubband LO-phonon, intrasubband LO-phonon, in-
trasubband e – e , and intervalley (G – L) deformation poten-
tial scattering. Phonon confinement effects, hot phonon ef-
fects, and dynamical Coulomb screening effects were
considered. With regard to G – L scattering, we took into ac-
count the four lowest L subbands. The G – L scattering by the
e – e process was ignored since a large change in momentum
is required. We compared the theoretical and the experimen-
tal results by changing the energy separation between CB2
and L1. As a result, it was found that good agreement with
the experiment is obtained when L1 is assumed to lie 25
meV above CB2 @Fig. 3~d!#. Although the energy separation
assumed ~25 meV! is smaller than that estimated before ~50
meV!, we think that the relatively small discrepancy can be
explained by an error in the estimation. ~The energy separa-
tion is evaluated from the quantization energies of the L1
and CB2 subbands and the energy separation between the G
and L minima.20! The agreement between Figs. 3~a! and 3~d!
clearly demonstrates the importance of the G – L scattering
process. A small discrepancy still remains that is considered
to be due to the other minor relaxation process ignored here,
for example, optical pumping from CB2 to continuum levels.
In summary, we have proposed an improved modulation
scheme that utilizes the carrier dynamics in the second con-
duction subband. Ultrafast modulation response time of ;0.4
ps has been demonstrated using the GaAs/AlGaAs QWs. It is
strongly suggested that the intervalley deformation potential
scattering between the L and G subbands plays an important
role in the carrier relaxation mechanism, in addition to usual
intersubband LO-phonon scattering.
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